Salicylic acid (SA)-mediated resistance and RNA silencing both contribute to plant antiviral defence (Lewsey et al., 2009a; Palukaitis & Carr, 2008) . SA is a signal required for activation of systemic acquired resistance (SAR) (Malamy et al., 1990; Métraux et al., 1990) . SAR induction is triggered, typically, by recognition of a specific incompatible pathogen but its effects can enhance plant resistance indiscriminately against a very broad range of both viral and non-viral pathogens (Lewsey et al., 2009a; Palukaitis & Carr, 2008) . In contrast, RNA silencing targets viruses based on their RNA sequences, and is therefore both adaptive and highly specific (Lewsey et al., 2009a) .
In plant antiviral silencing, virus-derived double-stranded RNA is cleaved by DICER-like (DCL) proteins, which have RNase III activity, to produce short interfering (si) RNAs (of 21-24 nt) that direct sequence-specific cleavage of viral RNA by ARGONAUTE proteins (Blevins et al., 2006; Deleris et al., 2006; Qu et al., 2008) . In Arabidopsis thaliana, DCLs 2, 3 and 4 are predominantly responsible for cleavage directed against positive-sense RNA viruses, including cucumber mosaic virus (CMV; a cucumovirus), oilseed rape mosaic virus (a tobamovirus) and turnip crinkle virus (a carmovirus) (Blevins et al., 2006; Bouché et al., 2006; Deleris et al., 2006; Moissiard & Voinnet, 2006; Qu et al., 2008) . Another DCL enzyme, DCL1 can generate virusspecific siRNAs during infection by DNA viruses, including cauliflower mosaic virus (a caulimovirus) and cabbage leaf curl virus (a geminivirus) (Blevins et al., 2006) . DCL1 conducts little or no direct cleavage of RNA of the positivesense RNA viruses examined to date but it may exert indirect effects on these viruses by acting as a negative regulator of dcl3 and dcl4 gene expression (Blevins et al., 2006; Bouché et al., 2006; Qu et al., 2008) .
RNA silencing is likely to explain some facets of SAmediated resistance. Many viruses encode suppressors of RNA silencing (Lewsey et al., 2009a) . Some of these, such as the 2b protein of CMV and the potyviral P1/HCPro, also interfere with SA-mediated antiviral defence (Alamillo et al., 2006; Ji & Ding, 2001; Pruss et al., 2004) . Furthermore, RNA-dependent RNA polymerase 1 (RDR1), a component of the antiviral RNA silencing machinery, is induced by SA treatment and tobacco mosaic virus (TMV) infection (Gilliland et al., 2003; Xie et al., 2001; Yang et al., 2004; Yu et al., 2003) . Inhibition of RDR1 expression results in hypersusceptibility to certain RNA viruses, including TMV and potato virus Y (Rakhshandehroo et al., 2009; Xie et al., 2001; Yang et al., 2004; Yu et al., 2003) . Additionally, there is evidence that SA potentiates RNA silencing against the potyvirus plum pox virus in tobacco (Alamillo et al., 2006) . Taken together, these studies suggest that there is either redundancy or overlap between antiviral RNA silencing and SA-induced resistance or alternatively, that SAinduced resistance might be entirely due to RNA silencing.
We investigated whether SA-induced resistance to two positive-sense RNA viruses, CMV and TMV, was absolutely dependent on antiviral RNA silencing mediated by DCLs 2, 3 and 4. These three endoribonucleases were selected for investigation because they are the predominant DCLs directing cleavage of CMV and tobamoviral RNAs (Blevins et al., 2006; Bouché et al., 2006) . DCL1 was not examined as it catalyses little or no cleavage of CMV (Bouché et al., 2006) or tobamoviral (Blevins et al., 2006) RNAs. Our experiments utilized Arabidopsis thaliana (L.) Heynh. ecotype Col-0 (henceforth referred to as wild-type) plants and plants harbouring mutations in the genes encoding DCLs 2, 3 and 4 (dcl2/3/4 triple mutants) (Deleris et al., 2006) . A. thaliana plants were grown under conditions described previously and were inoculated with TMV strain U1, CMV strain Fny or its 2b gene deletion mutant, CMVD2b (Lewsey et al., 2009b) . SA and control treatments of plants were conducted by spraying with solutions containing 0.05-0.11 % ethanol (v/v) (to aid dissolution of SA) and adjusted to pH 5-6.5 using KOH. Plants were treated for 1-3 days prior to, and one day subsequent to, inoculation. The presence of the dcl2/3/4 mutations was verified by examining accumulation of virus-derived siRNAs in CMV-infected mutant vs wild-type plants ( Supplementary  Fig. S1 , available in JGV Online), using previously described methodology (Shivaprasad et al., 2008) .
To assess virus accumulation in plant tissue, viral coat protein (CP) was detected by immunoblotting. Soluble protein was extracted by grinding plant tissue in 2 vols 100 mM Tris (pH 8), 10 mM EDTA, 0.5 mM phenylmethylsulphonylfluoride and 143 mM 2-mercaptoethanol. Samples were centrifuged at 2000 g for 1 min at 4 u C. The protein concentration in the supernatant was quantified and proteins were separated by SDS-PAGE prior to transfer to nitrocellulose, as described previously (Chivasa et al., 1997; Naylor et al., 1998) . Ponceau S staining of the blot and examination of the band for the large subunit of ribulose 1,5-bisphosphate carboxylase verified equal loading of lanes (Lewsey et al., 2009b) . Blots were probed with rabbit antisera against TMV or CMV CP, followed by antirabbit IgG-horseradish peroxidase; antibody binding was imaged on X-ray film following exposure of the blot to a chemiluminescent peroxidase substrate, as described previously (Lewsey et al., 2009b) .
Single-stranded RNA was extracted using TRIzol reagent (Invitrogen) and precipitated with 2 M lithium chloride. 32 P-Labelled DNA probes were synthesized and hybridized to membranes as described previously (Lewsey et al., 2007 ). An 18S rRNA-specific probe was amplified from plant total RNA by RT-PCR with specific primers. A probe for TMVspecific RNAs was generated from viral RNA by RT-PCR using primers specific to the CP gene of TMV strain U1. Blots were phosphorimaged and images were examined to confirm that saturation of the phosphorimaging screen had not occurred. Signals were quantified using ImageQuant (GE Healthcare). Blots were stripped by washing five times at 65 u C in 0.16 SSC, 0.1 % (w/v) SDS. Binding of the 18S rRNA probe was used to normalize the signal from the TMV probe for RNA loading.
SA-mediated resistance to CMV was examined in wild-type and dcl2/3/4 triple mutant plants by spraying with 1.1 mM SA, which induces an SAR-like state in wild-type plants (Chivasa et al., 1997; Mayers et al., 2005; Naylor et al., 1998) , or with water [containing 0.11 % (v/v) ethanol; control treatment]. Symptom development was observed for 12 days post-inoculation (p.i.) (Fig. 1) . In SA-treated wild-type plants, symptom development was delayed compared with control-treated plants (Fig. 1) . There was no discernible difference in the rate at which plants developed symptoms, or in the total proportion of plants that became symptomatic, when comparing either controltreated wild-type and dcl2/3/4 plants or SA-treated wildtype and dcl2/3/4 plants (Fig. 1) . Thus, DCLs 2, 3 and 4 are dispensable for SA-mediated resistance to CMV symptom induction.
The severity of symptom induction by a virus does not necessarily correlate with virus titre (Pagán et al., 2007) . Consequently, we examined SA-mediated resistance to CMV accumulation. Since SA treatment inhibits systemic movement of CMV to non-inoculated tissues in A. thaliana (Mayers et al., 2005) , we assessed the accumulation of CMV CP in non-inoculated tissues of dcl2/3/4 plants. Treatment with 1.1 mM SA (sprayed three times prior to inoculation) inhibited CMV accumulation in non-inocu- Fig. 1 . DCL 2, 3 and 4 are dispensable for SA-mediated resistance to CMV-induced symptom development. Wild-type (WT) and dcl2/3/4 mutant plants were sprayed with water or 1.1 mM SA and inoculated with CMV. Plants were examined daily for symptoms. Data are plotted as a weighted mean percentage of plants exhibiting symptoms from three independent trials (the number of plants ranged from 9 to 20, depending on the experiment). Error bars, SEM. lated tissues of both wild-type and dcl2/3/4 plants (Fig. 2a) , showing that SA treatment inhibits both the accumulation of CMV and its ability to induce symptoms.
We also examined the ability of dcl2/3/4 plants to exhibit SA-induced resistance to a CMV deletion mutant, CMVD2b, which does not encode the 2b counter-defence protein (Ryabov et al., 2001) . A previous study (Mayers et al., 2005) showed that SA-induced resistance to CMV is dose-dependent. When dcl2/3/4 plants were treated with 0.75 mM SA (sprayed twice prior to inoculation), CMV accumulation was not inhibited. However, we found that treatment of plants with this concentration of SA was sufficient to induce resistance to CMVD2b in dcl2/3/4 plants (Fig. 2b) , as in the similarly treated wild-type control plants. Thus, the mutant CMVD2b, which lacks the 2b protein gene, is more sensitive to SA-induced resistance than the wild-type virus, which contains the gene encoding the 2b protein. Furthermore, accumulation of CMVD2b was substantially greater in both control-and SA-treated dcl2/3/4 plants than in wild-type plants. Thus, while DCLs 2, 3 and 4 are not required for SA-induced resistance to CMV, they are required for effective basal resistance to this virus. Additionally, the 2b protein appears to be able to counter not only basal resistance mediated by DCLs 2, 3 or 4 but also SA-induced resistance, even in plants that cannot produce these key silencing factors.
SA-mediated defence can have virus-specific effects. For example, in tobacco plants, SA treatment induces resistance to TMV replication and cell-to-cell movement, but in the case of CMV, it restricts systemic movement (Ji & Ding, 2001; Murphy & Carr, 2002; Naylor et al., 1998) . Consequently, the extent to which components of the RNA silencing pathway are involved in SA-mediated defence in different viruses may vary. To investigate this possibility, TMV accumulation was examined in non-inoculated tissues of SA-and control-treated dcl2/3/4 mutant and wild-type plants. Immunoblot analysis of TMV CP accumulation revealed that, as in wild-type plants, accumulation of TMV in non-inoculated tissues of dcl2/3/4 plants was reduced by SA treatment (Fig. 3a) . These data demonstrate that SAmediated resistance to TMV accumulation in non-inoculated tissues is able to function in the absence of DCLs 2, 3 and 4.
Since SA can affect local as well as systemic infection by viruses, we also investigated whether SA mediated resistance to TMV in directly inoculated tissues of dcl2/3/4 plants. The abundance of full-length TMV genomic RNA (FL) and CP mRNA was examined by RNA blotting. Steady-state levels of both viral RNAs were decreased in directly inoculated tissues of SA-treated dcl2/3/4 plants (Fig. 3b) . Ratiometric analysis of phosphorimaging data revealed that at 4 days p.i., both RNAs were present at significantly higher levels in controltreated dcl2/3/4 plants than control-treated wild-type plants [FL, ratio53.49, SE51.04; CP, ratio52.85, SE50.51] (Fig.  3c) . Consistent with a previous study on oilseed rape mosaic virus (Blevins et al., 2006) , this demonstrates that in the absence of DCLs 2, 3 or 4, basal resistance to TMV in directly inoculated tissues is less effective. There was no significant difference between the abundance of FL or CP RNAs in SAtreated dcl2/3/4 versus SA-treated wild-type plants at 6 days p.i., although variability was observed between experiments, as indicated by the SE values (FL, ratio50.97, SE50.32; CP, ratio51.33, SE50.52) (Fig. 3c) . This indicates that SAinduced defence against TMV in directly inoculated tissues operates with comparable efficiency in the presence or absence of DCLs 2, 3 or 4.
We have demonstrated that DCLs 2, 3 and 4 are dispensable for SA-induced resistance to TMV and CMV. Hence, RNA silencing induced by these three endoribonucleases cannot explain SA-mediated resistance in its entirety. However, previous studies strongly support a role for RNA silencing in SA-induced resistance (Alamillo et al., 2006; Gilliland et al., 2003; Ji & Ding, 2001; Xie et al., 2001; Yang et al., 2004; Yu et al., 2003) . This suggests that in wild-type plants, SA probably triggers several redundant or parallel mechanisms, some of which cannot be dependent upon DCLs 2, 3 or 4. Given the vital role of DCLs 2, 3 and 4 in silencing of RNA viruses, it is most probable that these proposed DCL-independent SA-induced resistance mechanisms do not involve the targeted degradation of viral RNA, i.e. silencing. However, as Bouché et al. (2006) have noted, the A. thaliana genome encodes another six, non-DCL RNaseIII enzymes. It may be speculated that they play an undiscovered role in basal or induced antiviral defence and so we cannot entirely reject a potential role for some additional, as yet uncharacterized, form of RNA silencing in SA-induced resistance. and CP (grey bars) RNAs from directly inoculated tissues (replicate independent experiments; n53) was quantified and normalized to the appropriate 18S rRNA control signal. The ratio of signal intensity in dcl2/3/4 versus wild-type plants was calculated for each RNA at each treatment/time point combination and the mean value across independent replicate experiments was determined. This allows comparison of independent experiments, as it controls for radioactive decay. Error bars, SEM; -, protein or RNA (as appropriate) from mock-inoculated plants; M, purified TMV used as a marker.
